The thiazol dye Thioflavin T (ThT), which is used to stain amyloid fibrils, was found to have strong inhibitory effects on both growth and conidiation of the deuteromycete Trichoderma viride at concentrations between 10-100 μg/ml (ca. 30-300 μmol/l). Thioflavin S (ThS), also known to stain amyloid fibrils, had no significant effect at these concentrations. Both stains yielded a fluorescence response, but their distributions were different. ThT was non-homogenously distributed throughout the cytoplasm, whereas ThS fluorescence was strongly bound to septal regions. The effect of ThT was studied on several model microorganisms. It exerted a strong inhibitory effect on Staphylococcus aureus (Gram-positive bacterium) (MIC=10 μmol/l), but the effect on Escherichia coli (Gram-negative bacterium) was one order of magnitude less pronounced. The effect on Candida albicans was also very strong (MIC=50 μmol/l). The dermatophytic fungus Microsporum gypseum and deuteromycete Alternaria alternata were less affected by ThT (MIC=250 μmol/l and >500 μmol/l, respectively). These results show that ThT could be a useful inhibitor of selected microorganisms, whereas ThS could be a useful agent for monitoring formation and maintenance of intrahyphal septa without inhibiting the growth of the microorganism.
Introduction
Natural and synthetic dyes often display antimicrobial effects. Examples include triphenylmethane dyes [1] which were used for surface treatment against bacterial and fungal infection, and trypan blue used for the treatment of parasitic infections [2] . Acridine dyes also have antimicrobial properties [3] . Recently, some textile dyes with antimicrobial properties were developed in order to provide textile materials with antifouling properties [4, 5] . Antimicrobial aspects of dyes were recently thoroughly reviewed by Wainwright [6] .
Thioflavins S and T (ThT and ThS) are dyes used for staining histological samples [7] [8] [9] . The benzothiazole dye ThT (Figure 1 ) is used to visualize plaques composed of β-amyloid found in brain tissue of Alzheimer's disease patients [10] [11] [12] and amyloid fibers in vitro [13, 14] . When ThT binds to β-sheets, such as those in amyloid oligomers, the dye undergoes a characteristic 120 nm red shift of its excitation spectrum that may be selectively excited at 450 nm, resulting in a fluorescence signal at 482 nm [13, 15] . ThT also binds rapidly and specifically to the anti-parallel β-sheet fibrils formed from synthetic β-amyloid (1-40), but does not bind to monomer or oligomeric intermediates [16] . Thioflavin T has been used as a dye for silk, cotton, wool, nylon and acetate (the latter two with fluorescence), and is used to colour ballpoint-pen ink. ThT is also used in fluorescent staining of viruses [17] . ThS is a thiazole dye with a different structure than ThT, containing two quarternary nitrogen atoms [9] (Figure 1) , which is occasionally confused with ThT. However, our observations using thin layer chromatography (not shown) have indicated that Thioflavin S is a mixture of several molecules, one component of which appears to stain amyloids.
We used thioflavin dyes in the screening of photochemical inhibitors of blue-light photoreceptors of the filamentous fungus Trichoderma viride (unpublished).
In the course of this screening we found that thioflavins have an antimicrobial effect on this fungus. Here we describe characterization of this antimicrobial effect on T. viride and other fungi, as well as several representative bacteria.
Experimental Procedures

Strains and media
Trichoderma viride Persoon: Fries, strain CCM F-534 from the Czech Collection of Microorganisms (Masaryk University, Brno, Czech Republic) was used. Modified Czapek-Dox (Cz-D) medium contained the following components (in g/l): NaNO 3 (2), KCl (0.5), MgSO 4 .7H 2 O (0.5), FeSO 4 .7H 2 O (0.01), K 2 HPO 4 (1), sucrose (30), and yeast extract (5) , with distilled water to 1 litre. The pH was adjusted to 6.5-6.7 prior to sterilization. Solid medium contained 2% (w/v) agar. Conidia of T. viride were prepared from a 5-day culture (malt agar, room temperature) by scraping into 5 ml of a 2% Tween solution and removing mycelia by filtration through a nylon mesh. All steps were performed under sterile conditions. The number of conidia was determined using a haemocytometer.
Staphylococcus aureus CCM 3953 and Escherichia coli CCM 3988 were purchased from the Czech Collection of Microorganisms (Masaryk University, Brno, Czech Republic) and were cultured in Mueller-Hinton medium. The yeast Candida albicans was purchased from the mycological laboratory of Slovak Medical University, Bratislava, Slovakia, and was cultivated in Sabouraud-dextrose medium. Both bacteria and yeast were incubated under vigorous shaking. Filamentous fungi Rhizopus oryzae CCM 8284, Alternaria alternata CCM F-128 and Microsporum gypseum were obtained from the mycological laboratory of Slovak Medical University, Bratislava, Slovakia, and were cultivated on Sabouraud-dextrose agar (dermatophytes) and malt agar (other fungi).
Surface cultivation
For dosage experiments, T. viride was grown in Petri dishes (ø 120 mm) on Cz-D agar at 25°C in the dark. The plates (in duplicates or triplicates) were inoculated by soaking paper discs (ø 5 mm) in the conidia solution, placing the discs at the centre of the plate, and incubating plates in the dark at 25°C. For the study of thioflavin effects on photo-induced and ageing-induced conidiation, paper discs covered with 24-hour old dark-grown mycelia were placed on larger paper discs (ø 5 cm) onto fresh Petri plates containing solid Cz-D media with different concentrations of thioflavins, and cultivated in the dark for 24, 48 and 72 h when ageinginduced conidiation was observed. For the study of photo-induced conidiation, inoculated Petri dishes were illuminated with white light for 10 min and incubated for 30-36 h in the dark. Growth of the culture was assessed as a diameter of colony.
Fluorescence microscopy of mycelia
Mycelia resuspended in sterile physiological solution were placed in Eppendorf tubes in a total volume of 500 μl and were incubated with Thioflavin S or T alone (final concentration 3 μg/ml) or in combination with Hoechst 33342 and propidium iodide (both at final concentration 10 μg/ml) for 15 min at room temperature (25°C). Following staining, mycelia were placed on glass microscope slides and observed on AxioImager 1 (Carl Zeiss, Jena, Germany) using objectives with 40 or 63 optical magnification (total magnification 400× or 630×). Photographs were processed using Paint Shop Pro version 8.1 (JASC software Inc., Prairie, MN, USA).
Morphogenesis quantification and growth kinetics
For quantitative evaluation of mycelia morphology we used the method described by Trinci [18] . We measured length of the principal (longest) hyphae (PL) within the studied mycelia and the total length of mycelia, i.e., the sum of the lengths of principal hyphae and all branches of given mycelia (TL). The hyphal growth unit (HGU) was calculated as the ratio of TL to number of apical tips, i.e., the average length of hyphae belonging to one apical tip. For growth kinetics evaluation we calculated parameter E H 0 -total length of mycelia at time 0, H t -total length of mycelia at 1 hour, B 0 -number of apical tips at time 0, B t -number of apical tips at 1 hour. These characteristics were measured and calculated for three independent cultivations of Trichoderma viride in the presence or absence of different levels of thioflavins.
Antimicrobial assay
The antimicrobial activity of Thioflavin T was evaluated by a macrodilution method in L-shaped tubes adapted for the direct measurement of absorbance using G + bacteria Staphylococcus aureus CCM 3953, G -bacteria Escherichia coli CCM 3988 and yeast Candida albicans [19] . Bacterial and yeast cultures, in Mueller-Hinton and Sabouraud-glucose media, respectively, were incubated with vigorous shaking. The effect of Thioflavin T on the growth of filamentous fungi Rhizopus oryzae CCM 8284, Alternaria alternata CCM F-128 and Microsporum gypseum was observed using a macrodilution technique on Sabouraud-glucose agar (dermatophytes) and malt agar (other fungi) during the static cultivation. The diameters of growing fungal colonies were measured at intervals as previously described [20] .
The antimicrobial activity of Thioflavin T was characterized by the IC 50 values (concentration of a compound inhibiting the growth of microorganisms to 50% in comparison to the control), MIC values (minimal inhibitory concentration of a compound inhibiting a microbial growth by 100%) and MMC values (minimal microbicidal concentration of compound). The IC 50 values were determined from toxicity curves. Subcultures with no growth in the presence of Thioflavin T were prepared separately in Petri dishes containing agar medium and incubated at 30°C for 48 h (for bacteria and yeast) or at 25°C for 96 h (for filamentous fungi). The MIC value was taken as the lowest concentration which showed visible growth of microbial colonies in the subculture dishes, and the MMC value was taken as the lowest concentration which showed no visible growth of microbial colonies. Thioflavin T was dissolved in dimethyl sulfoxide (DMSO). Final concentration of DMSO never exceeded 1.0% (v/v) in either control or treated samples. Concentration of Thioflavin T was in the range 0.01-500 μmol/l in all experiments.
Chemicals
Thioflavin T from Fluka, Thioflavin S from Merck, Darmstadt, Germany, agar from Difco, Sabouraud Dextrose Broth and Sabouraud Dextrose Agar from HiMedia Laboratories Pvt. LtD, Mumbai, India, all other chemicals were purchased from Lachema, Brno, Czech Republic. 
. Effect of different concentrations of Thioflavin T on photo-induced conidiation (A-D) and ageing-induced conidiation (E-H) of T. viride.
ThT was dissolved in sterile water and added to the sterile culture media before congelation. 
Results
Effect of thioflavins on growth and conidiation
Initial experiments with different concentrations of the thioflavins showed that Thioflavin S (ThS) did not significantly affect the growth of T. viride, even at the highest concentration used (10 mmol/l) ( Figure 2A ). ThS also did not affect photo-induced nor ageing-induced conidiation of the fungus (Figure 4) . On the other hand, ability of Thioflavin T (ThT) to inhibit growth and conidiation of T. viride was markedly stronger; a concentration of 0.3 mmol/l resulted in total growth arrest ( Figure 2B ). The IC 50 value for ThT was calculated to be 43 μmol/l.
To evaluate the effect of ThT on photo-induced and ageing-induced conidiation, we used concentrations up to 0.3 mmol/l. Results show that even the lowest concentration of ThT used in this experiment significantly decreased both photo-induced and ageing-induced conidiation, but the growth of fungus was only slightly inhibited ( Figure 3 ). Higher concentrations markedly influenced the growth and conidiation of the fungus.
Effect of thioflavins on morphology and hyphal growth parameters
For the study of morphological changes in growth of T. viride induced by thioflavins, we used concentrations in the range 1 -10 μmol/l due to the preservation of fungal growth ability at these concentrations.
Calculations of the parameters concerning the morphology (HGU and E) were based on microscopic observations of fungal colonies cultivated in the presence of varying thioflavin concentrations at the 24 th and 25 th hour of cultivation (for E) and 48 th hour of cultivation (for HGU). ThS at any concentration used in the experiments did not induce morphological changes of fungal growth. The most distinguished property of ThT was the ability to delay conidia germination (not shown) and the considerably higher frequency of hyphal branching (ramification) observed at the lower ThT concentrations compared to the control ( Table 1) . The highest concentration of ThT used in this experiment (10 μmol/l) evoked inhibition of branching, which could be the consequence of the inhibitory effect of ThT on the growth ability of the fungus. 
Thioflavin staining and fluorescent microscopy of T. viride
Thioflavin T is utilized as a probe for fluorescent staining of amyloid fibrils and protein aggregates in animal cells and yeasts [21, 22] . In addition, ThT has been used for hydrophobin staining in filamentous fungi [23] [24] [25] [26] . We were interested to determine if T. viride forms protein aggregates similar to amyloid fibrils. After staining of mycelia by ThT or ThS, we observed fluorescence labelling of hyphae but not of conidia. However, the distribution of fluorescence of both dyes was different from each other. ThT was distributed throughout the hyphae and displayed a fluorescence aggregation within the lumen of hyphae, suggesting the dye accumulates in nuclei or vacuoles ( Figure 5A,B) . ThS, however, strongly labelled intercellular septa along the hyphae.
Stronger fluorescence was observed in the vicinity of chlamydospores and near sites of hyphae ramification ( Figure 5C,D) . Thus, it seems that each dye has a unique effect on T. viride.
Effect of ThT on growth of other model organisms
In order to determine whether the inhibitory effect of ThT was specific to T. viride or if it is a general property of the compound, we used a variety of microorganisms including the 
Discussion
Results demonstrate that ThT has a strong inhibitory effect on both growth and conidiation of T. viride. Figure 2B and Figure 3 show that these processes are inhibited in parallel. Therefore, ThT is not a selective inhibitor of either growth or conidiation. Restricted growth is likely the cause of decreased conidiation. Similar results were observed in T. viride nourished by various carbon and nitrogen sources [27] . It is also clear that ThS does not inhibit any of these processes at concentrations up to 10 mmol/l ( Figure 2A and Figure 4) . Results also demonstrated that ThT possesses strong antimicrobial activity against several model microorganisms. The bactericidal effect of ThT on S. aureus is as high as that of many commercially used antimicrobial agents. Similarly, ThT has fungistatic effects against C. albicans, and is comparable to many agents used for suppressing growth of this pathogenic fungus. ThT was not as effective against filamentous fungi, especially Rhizopus and Alternaria. As a result, ThT may only be effective as an antimicrobial agent against a limited number of species. In the future, the antimicrobial properties of ThT should be tested using a wider panel of microorganisms.
Future studies can also further elucidate the mechanism of antimicrobial action of ThT. We obtained some pertinent information only with T. viride. It is not certain that the interaction of the dye with amyloid fibrils causes inhibition because ThS, which also is used for the staining of amyloid fibrils, does not have an inhibitory effect. Results indicate it is not the binding to some hypothetical amyloid structure essential for the growth of microorganisms that is important for the inhibitory action of ThT. Table 2 . Effect of Thioflavin T on growth of selected microorganisms.
An alternative mechanism which could explain the effect of ThT could be its interaction with DNA. Such an interaction has been observed by Cañete et al. [28] and recently by Ilanchelian and Ramaraj [29] , where the authors showed an ability of ThT to bind DNA, and proposed that this is due to groove binding and electrostatic interactions between ThT and DNA [29] . The fluorescence distribution of ThT that we observed ( Figure 5 ) corroborates these data.
The observation that ThS enables visualization of septa without inhibiting growth and conidiation is interesting and indicates that this compound could be used for monitoring the development of septa without exerting a harmful effect on the organism.
